Abstract-In canine atrial muscles, carbachol and nicorandil hyperpolarized the resting membrane potential and shortened the action potential duration. In the presence of carbachol or nicorandil, isoproterenol further hyperpolarized the resting membrane potential and shortened the action potential duration. Isoproterenol significantly increased the plateau duration in the presence of nicorandil, but further abbreviated it in the presence of carbachol. This increase in the plateau duration by isoproterenol in the presence of nicorandil probably reflects the increase in the slow inward current.
It has been shown that in atrial muscles, stimulation of muscarinic receptors causes a hyperpolarization of the resting membrane potential, a decrease in the duration of the action potential, and a significant decrease in developed tension (1). The explanation for all of these changes is based on the finding that muscarinic antagonists selectively in crease the membrane permeability to potas sium ions. The decrease in the slow inward current induced by muscarinic agonists is considered to be a consequence of the in crease in potassium conductance (2). These effects of muscarinic agonists have been termed the 'direct' effect, and the negative inotropic effect of a muscarinic agonist in cardiac muscles previously stimulated by a beta-adrenergic receptor agonist has been termed the 'indirect' effect. We have pre viously reported that nicorandil decreases the action potential duration and the contractile force in atrial muscles; the negative inotropic effect of nicorandil is ascribed to increasing potassium conductances of the cardiac cell membrane without mediation through mus carinic receptors (3). The negative inotropic effect of nicorandil was restored by isopro terenol, while that by carbachol was not. The difference has been ascribed to the obser vation that carbachol but not nicorandil decreased the isoproterenol-induced ele vation of cAMP level (4). The present experi ments were carried out to examine the inter action between isoproterenol and carbachol or nicorandil at the membrane potentials of atrial muscles.
Mongrel dogs of either sex, weighing 5-12 kg, were anesthetized with sodium pento barbital (30 mg/kg, i.v.). The hearts were rapidly excised and placed in cold (about 4°C) Tyrode's solution equilibrated with 95% 02 and 5% CO2. The left atrial muscle fiber bundle, less than 1 mm in diameter and 3-5 mm in length, was dissected and pinned to the bottom of a tissue chamber (3 ml in volume). The preparation was superfused at a rate of 7 ml/min with Tyrode's solution con taining (mM): K+, 2.7; Nat 149.3; Cat+, 1.8; Mgt+, 1.0; CI-, 145.3; HCO3-, 11.9; H2PO4-, 0.4; and dextrose, 5.5, equilibrated with the mixed gas. The pH of the bathing solution ranged from 7.2 to 7.4. Tissue bath tem perature was maintained at 37±0.5°C. The preparation was stimulated at a rate of 0.5 Hz with rectangular pulses of 0.5 msec duration and voltage about twice the threshold (10- Carbachol (0.3 iiM) hyperpolarized the resting membrane potential and markedly shortened the action potential durations measured at the -20 mV and 90%-repolari zation levels (Fig. 1 B) . Under this condition, isoproterenol (1 PM) further hyperpolarized the resting membrane potential and shortened the action potential duration at both levels ( Fig. 1 C) .
Nicorandil (0.3 mM) also hyperpolarized the resting membrane potential and very markedly shortened the action potential duration measured at -20 mV and 90% repolarization level (Fig. 1 F) . In the presence of the drug, isoproterenol (1 itM) also further increased the resting membrane potential and shortened the action potential duration measured at the 90%-repolarization level. However, the action potential duration measured at the -20 mV level was very slightly but significantly increased by iso proterenol (Fig. 1G) . Summarized results obtained in these experiments are shown in Table 1 .
Beta-adrenoceptor stimulation of the myo cardium increases the slow inward current and consequently changes the action poten tial configuration. The slow inward calcium current has been implicated in production of the plateau phase of the action potential in atrial (5) and ventricular (6) muscles. The effects of beta-adrenoceptor stimulation are mediated by an increase in the intracellular cAMP (7) . As carbachol probably inhibits the action of beta-adrenoceptor-mediated posi tive inotropic response by blocking cAMP formation (4, 8) , it is quite understandable that isoproterenol is unable to increase the action potential duration in the presence of carbachol. On the other hand, isoproterenol failed to restore the action potential duration but significantly increased the plateau duration even when the K+ conductance is strongly accelerated by nicorandil. This is consistent with the previous observation that nicorandil does not inhibit the isoproterenol induced elevation of cAMP level and the negative inotropic response induced by nicorandil can be restored by isoproterenol (4). These results indicate that nicorandil can increase the K+ conductance, but does not interact with the Caz+ conductance aug mented by isoproterenol. Recently, we have reported that nicorandil has no direct effects on the inward calcium current even when the inward calcium current is previously aug mented by isoproterenol (9) . The plateau duration, however, was even shorter in the presence of nicorandil and iso proterenol than in the presence of carbachol and isoproterenol. This may be because the tremendous increase in potassium conduc tance by nicorandil has masked the aug mented calcium influx through the cAMP mediated phosphorylation increased by iso proterenol. Furthermore, accumulated cAM P in the presence of nicorandil and isopro terenol would increase the capability of the sarcoplasmic reticulum to release more cal cium, and this may be essential for the res toration of the contractile force by isopro terenol. It is also interesting to note that even in the presence of carbachol or nicor andil, isoproterenol further hyperpolarized the resting membrane potential. This effect is produced not by activation of the Na-K ATPase activity but by activation of the catecholamine-induced increase in potassium conductance which is different from the back ground potassium conductance (10, 11) . The present results also indicate that the catecholamine-induced potassium conduc tance is not related to the intracellular calcium or cAMP concentration because in the presence of carbachol, intracellular cal cium or cAMP concentration cannot be increased by isoproterenol (4).
